The SLI Consortium * Approximately 4% of English-speaking children are affected by specific language impairment (SLI), a disorder in the development of language skills despite adequate opportunity and normal intelligence. Several studies have indicated the importance of genetic factors in SLI; a positive family history confers an increased risk of development, and concordance in monozygotic twins consistently exceeds that in dizygotic twins. However, like many behavioral traits, SLI is assumed to be genetically complex, with several loci contributing to the overall risk. We have compiled 98 families drawn from epidemiological and clinical populations, all with probands whose standard language scores fall у1. ) and variance-components (VC) analysis (LOD score P p .00003 2.57;
Introduction
Specific language impairment (SLI) is diagnosed in children who exhibit significant language deficits despite adequate educational opportunity and normal nonverbal intelligence. A diagnosis is made after the presence of other conditions-such as mental retardation, autism, hearing loss, cleft palate, and neurological disorders (e.g., cerebral palsy) that may give rise to language impairments-has been ruled out (Tomblin et al. 1996) . Children with SLI differ in the degree to which they have problems articulating speech sounds, expressing themselves verbally, and comprehending the speech of others. Accordingly, SLI is broadly classified into three subtypes: phonological disorder, expressive-language disorder, and mixed expres-sive-and receptive-language disorder. However, the validity of this subtyping has been questioned, and, instead, it has been proposed that the variability in the profile of deficits may reflect variation in the severity of the underlying disorder.
Although there have been many epidemiological studies of SLI, differences in methodological approaches, in diagnostic criteria, and in category thresholds often render direct comparisons between investigations impractical. The majority of mainstream studies estimate the prevalence among English-speaking pre-primary-school children to be 2%-7% (Law et al. 1998) . A substantial proportion of these children are reported to experience severe and persistent language difficulties, which are often associated with additional social, educational, behavioral, and psychological problems (Cantwell and Baker 1987; Beitchman et al. 1994; Snowling et al. 2001) . Despite the differences in study design, it is worth noting that most investigations agree on the importance of genetic factors in the development of SLI and that many have demonstrated a strong familial aggregation of cases of language impairment (Bishop and Edmundson 1986; Neils and Aram 1986; Tallal et al. 1989) . In a recent review, Stromswold (1998) reported that, across seven family studies, the prevalence of SLI in family members of probands was 24%-78% (mean 46%), compared with 3%-46% (mean 18%) in the control groups.
In addition, twin studies consistently have indicated a significant increase in MZ concordance rates compared with DZ concordance rates (Lewis and Thompson 1992; Bishop et al. 1995; Tomblin and Buckwalter 1998) , suggesting that much of the reported familial aggregation can be attributed to genetic influences. Tomblin and Buckwalter (1998) studied 120 twin pairs in which affected individuals were defined as having both a composite language score (computed from four measures of receptive language and four measures of expressive language) 1 SD below that expected for their ages and a nonverbal IQ (i.e., performance IQ [PIQ]) 170. Using this sample, they demonstrated an MZ concordance rate of 96% and a DZ concordance rate of 69%. Bishop et al. (1995) studied a set of 90 same-sex twin pairs, all with at least one twin affected by a developmental-speech or -language disorder. Using a strict definition of language impairment (i.e., a discrepancy of у20 points between verbal and nonverbal abilities), they found a male-male MZ concordance of 70% and a male-male DZ concordance of 46%. Relaxation of the diagnostic criteria to include those cotwins who either lacked a large discrepancy between their (low) verbal skills and nonverbal ability or had a history of speech and language problems resulted in heightened MZ:DZ concordance rates of 92%:62% for male-male twins and 100%:56% for female-female twins. In an extension of this twin-pair study, individuals were subclassified according to the type of disorder that they displayed. Of the four subgroups formed-articulation with or without receptive disorder, articulation and expressive disorder with or without receptive disorder, expressive disorder with or without receptive disorder, and only receptive disorder-those which included children with expressive impairments (i.e., the second and third of these subgroups) showed probandwise MZ:DZ concordance rates close to 100%:50%. In contrast, those with only receptive disorders (i.e., the fourth subgroup) showed little evidence of genetic influence, having a probandwise MZ:DZ concordance rate of 71%:75% (Bishop et al. 1995) .
Further support for a genetic etiology in language disorders is provided by estimates of heritabilities of quantitative measures of language-related components. In a series of investigations, Bishop et al. (1995 Bishop et al. ( , 1996 Bishop et al. ( , 1999 used the DeFries-Fulker method to demonstrate significant heritabilities in several psychometric language measures in families affected by SLI. Many of these measures were comparable to those used in the current study and showed levels of heritability close to 1.0. These include tests of receptive syntactic-language abilities (e.g., the Test for the Reception of Grammar) and tests of expressive-language skills (e.g., the Clinical Evaluation of Language Fundamentals-Revised [CELF-R] repeating-sentences subtest), as well as tests that examine specific processes thought to be important in language acquisition (e.g., tests of nonword repetition). Interestingly, although many language-related traits were shown to be highly heritable, when the discrepancy scores between these traits and PIQ were considered, no significant heritability was seen.
Although there is ample evidence to indicate that genes may play a significant role in the determination of absolute language abilities, family studies have failed to detect any clear cosegregation between phenotype and genotype, and most conclude that the genetic basis is likely to be complex (Bishop et al. 1995) . This phenotypic and genotypic complexity has essentially precluded the use of traditional parametric approaches in the genetic mapping of SLI, with one exception. Family KE is a unique three-generation pedigree documented to have a severe speech-and-language disorder that follows an autosomal dominant pattern of inheritance. Investigation of this family and their monogenic trait led to the localization of the SPCH1 locus to chromosome 7q (Fisher et al. 1998 ) and, ultimately, to the identification of the first gene to be implicated in speech and language development-FOXP2 (Lai et al. 2001) (MIM 606354) . The FOX genes encode a large family of transcription factors, all of which possess a winged-helix, or forkhead-box (fox), domain. Lai et al. (2001) have demonstrated that the language impairment in family KE cosegregates with a point mutation in the fox domain of FOXP2. They have suggested that the phenotype might result from haploinsufficiency of FOXP2 at a key stage of embryogenesis, which causes abnormalities in the development of neural structures important for speech and language. Clearly, the FOX family represent good candidate genes for SLI; however, their role in the etiology of more common forms of language impairment has yet to be evaluated.
Recent methodological advances have enabled the application of model-free nonparametric approaches to complex disorders, by use of large collections of small nuclear families and analysis of quantitative traits. In the current study, we present the results of the first systematic quantitative-trait locus (QTL)-based genomewide screen for SLI. We use three quantitative measures of different aspects of language abilities and implicate two novel locations, on chromosomes 16 and 19, neither of which coincides with any region previously associated with language impairment. The refinement of the regions reported here may allow the identification of causal genetic factors in cases of SLI and thus aid in the clarification of the etiological mechanisms underlying this disorder. 
Subjects and Methods

Subjects
Two centers recruited 473 individuals (including a total of 219 sib pairs) from 98 families. The Newcomen Centre at Guy's Hospital, London, diagnosed and referred a clinically based sample, and the Cambridge Language and Speech Project (CLASP) provided families drawn from an ongoing epidemiological study.
The cases selected at Guy's Hospital were identified through three special schools for language disorders and through Afasic, a support organization for people with developmental and language impairments; thus, these individuals can be considered as representing a self-referred sample of children with persistent language problems needing special schooling and are not representative of the total population in the community. Ethical permission was given by the Guy's and St. Thomas' Trust ethics committee.
CLASP is a community-based longitudinal investigation of speech and language difficulties. The children recruited into the study were initially ascertained during their 3d year of life. A three-stage procedure was employed for case identification, and a standard age design was used to control for divergence between developmental stage and chronological age. Accordingly, at age 36 mo, the population was first defined by means of a questionnaire; then, at age 39 mo, this sample was screened, in more detail, for language difficulties; and, finally, at age 45 mo, age screen-positive cases were assessed in depth. When the children reached 8 years of age, they and their siblings were assessed by the CELF-R and Wechsler Scales of Intelligence-Third UK Edition (WISC-III [Wechsler 1992 ]), and buccal-DNA samples were collected in families of SLI cases. A detailed description of the ascertainment procedure and sample is available from Stott et al. (in press) .
In both the Guy's Hospital sample and the Cambridge sample, probands were selected who, either currently or in the past, had language skills у1.5 SD below the normative mean for their chronological age, on the receptive and/or expressive scales of the CELF-R battery (Semel et al. 1992) . Any proband or sibling found to have a PIQ !80 was excluded from the genome screen. Additional exclusion criteria included MZ twinning, chronic illness requiring multiple hospital visits or admissions, deafness, an ICD-10/DSM-IV diagnosis of childhood autism, English being a second language, care provision by local authorities, and known neurological disorders. In the Guy's Hospital sample, those families with chromosome abnormalities, including fragile X, were excluded by cytogenetic testing. A summary of the genomescreen sample is shown in table 1.
Whole-blood or buccal-swab samples were collected from probands and all available siblings and parents, regardless of language ability. DNA was extracted by means of standard protocols, and all buccal-swab DNA samples were preamplified by a preamplification extension protocol (PEP). The PEP technique involves the random amplification of genomic DNA, using a pool of random 15-mer primers, and results in a 50-100-fold increase in template DNA for subsequent microsatellite amplification (Zhang et al. 1992 ). Prior to the genome screen, this approach was verified, across 20 primers, in a series of 27 controls. All controls showed comparable amplification of both genomic DNA and PEP DNA, and no evidence of preferential preamplification of specific alleles was seen (data not shown).
Phenotypic Measures
Three language measures were assessed for the genome screen: expressive and receptive language skills were scored by CELF-R, and a test of nonword repetition was used as a marker of phonological short-term memory. All three measures showed significant levels of familiality in the genome-screen sample (data not shown). No parental phenotype data were used, since the linkage analysis uses only information from sib-pair phenotype data.
CELF-R
CELF-R is a clinical tool widely used for the identification, diagnosis, and follow-up evaluation of language disorders in school-age children. The battery is split into receptive and expressive scales, which can be combined to provide a composite language score. Each scale consists of three subtests designed to be primarily receptive or expressive in nature. The exact combination of individual tests used depends on the age of the subject. Additive raw scores from each segment are then transformed to derive a standardized receptive language score (RLS) and an expressive language score (ELS), each with mean 100 and SD 15 in the general-population calibration sample (Semel et al. 1992) . The CELF-R tests are generally considered to give a broad overview of a child's general language abilities and are valid for children of age 5-17 years.
Nonword Repetition (NWR)
It has been proposed that children with SLI have language-learning difficulties due to a deficit in working memory. This means that the amount of time during which they are able to hold unfamiliar phonological forms in their short-term memory is insufficient to allow in-depth processing and transfer to the long-term memory (Baddeley and Wilson 1993; Baddeley et al. 1998) . To test the capacity that phonological working memory has for novel speech sounds, Gathercole et al. (1994) have developed a measure of NWR. In this test, subjects are required to repeat tape-recorded nonsensical words of increasing length and complexity (e.g., "brufid" and "contramponist"). Studies show that individuals with current language impairments, as well as those who, during early childhood, had language difficulties that later resolved, perform poorly on this test (Gathercole et al. 1994; Bishop et al. 1999 ). All available children of age 7.5-18 years were tested by the NWR test.
All individuals in the Guy's Hospital sample completed the published version of the children's test of NWR (Gathercole et al. 1994) ; however, all individuals in the Cambridge sample were examined by a prepublication revision of this test. Although both tasks are similar in administration, and although some words are common to both tests, it was evident that the published standardization introduced flooring effects, which resulted in an undesirable skewing of the distribution of scores. For this reason, as well as to allow combination of the NWR scores across the two samples, both versions of the NWR test were administered to 111 subjects (age 4.8-53.6 years) from both samples, and a between-testregression calibration coefficient was determined. Raw scores correlated 0.89 ( ) and were linearly re-P ! .001 lated across the entire range, the relationship being the same for both the adults and the children. A linear-regression calibration equation gave raw scores from the prepublished form of the test that were 0.658 (standard error [SE] 0.009) times the raw score from the published test. Raw scores for the Guy's Hospital sample were therefore multiplied by this factor, to make them comparable to the raw scores for the Cambridge sample. Standard scores for a British population were then obtained by use of norms extended, by S. E. Gathercole (personal communication), for older children.
Intelligence
IQ was assessed by WISC-III (Wechsler 1992) . This is a battery of tests that yield measures of verbal IQ and PIQ. The verbal scale comprises tests of comprehension, vocabulary, and abstract reasoning, whereas completion of the performance tasks relies primarily on visual and constructional clues (e.g., mazes, symbol arrangement, and abstract visual problem solving). Verbal IQ and PIQ can then be combined to give a full-scale IQ. The WISC-III requires no reading or writing of words. All children found to have a PIQ !80 were excluded from the study.
Cohort Statistics
A total of 252 children (153 males and 99 females), ages 5-19 years (mean 9.4 years; SD 3.04 years) were assessed, as described above, for CELF-R expressivelanguage score (by ELS), CELF-R receptive-language score (by RLS), nonword repetition (by NWR), and PIQ. In this sample, which includes unaffected siblings, we found that, although the average level of PIQ was consistent with that of the general population (i.e., mean 100), the means of all language-based measurements fell below the expected mean of 100 (table 2) . Thus, the sample selected for the genome screen may be considered to represent a collection of children whose developmental problems are largely language specific.
Comparisons between proband and cosib groups indicated that the probands generally demonstrated language ratings lower than those in the complementary cosibs (table 3) . However, although the cosib language scores showed some regression toward the mean, they all remained below that expected (table 3) . This is attributable to the high number (∼34%) of siblings who also displayed signs of language impairment. In the clinical sample (i.e., that from Guy's Hospital; see the "Recruitment" subsection), 52 (37%) of the children were attending either a special language unit or a special school or had been placed, with a statement of special educational needs, in a mainstream school.
Data Transformation
The data in table 2 present evidence that the Guy's Hospital sample and the Cambridge sample, although both drawn from the general population of children with SLI, are significantly different in the magnitude of severity of their disorders. This is attributable to the fact that, although the diagnostic criteria applied to both samples were identical, the Guy's Hospital sample represents a clinical, severely affected sample, whereas the Cambridge sample represents a more mainstream, epidemiologically selected sample. In order to combine the two samples for variance-components (VC) analysis, which creates a model around a single mean, all phenotypes were standardized to a Z-score, , where x is the at-Z p (x Ϫ m)/j tained score, m is the mean, and j is the SD; note that the mean and SD are taken from each group separately. Conversion of the language scores in this manner produces a distribution with a single mean while preserving the variances of the original samples and thus allows a single analysis of the two samples, in the VC model. The standardized scores are hereafter denoted as "RLStrans," "ELStrans, and "NWRtrans" and were used for the combined analysis of both samples, for the genome screen. Correlations between RLStrans, ELStrans, and NWRtrans are given in table 4.
Genotyping and Data Handling
All 473 individuals were genotyped for 400 highly polymorphic dinucleotide-repeat microsatellite markers, taken from the ABI PRISM LMS2-MD10 panels (Applied Biosystems). PCR reactions were performed in 96-well Costar (Thermowell) plates on MJ Research PTC-225 thermocyclers. The fluorescent labeling of primers, with 6-FAM, HEX, and NED phosphoramidites (Applied Biosystems), allowed both the pooling of panels of PCR products and, by means of ABI 373A and 377 sequencers (Applied Biosystems), their subsequent separation and detection on 5% polyacrylamide gels.
Data were extracted from gels by GENESCAN software (version 3.1) and were passed into the GENOTYP-ER program (version 2.0) for automated allele calling and manual genotype verification (Reed et al. 1994) .
Raw allele-size data were checked for inconsistencies, by GAS software (version 2.0) (A. Young, personal communication). Marker-allele frequencies were estimated within RECODE (version 1.4) (D. Weeks, personal communication), and Mega2 (version 2.2) (Mukhopadhyay et al. 1999 ; also see the Division of Statistical Genetics, Department of Human Genetics, University of Pittsburgh web site) was used for the creation of linkage files in a GENEHUNTER 2.0 (Kruglyak et al. 1996 ; also see the Whitehead Institute for Biomedical Research/MIT Center for Genome Research "/pub/software/genehunter" web site) package. The Discovery Manager system (Genomica) was used for the storage of genotypic data.
Prior to statistical analyses, two data-verification steps were performed. Marker haplotypes were generated in a GENEHUNTER 2.0 (Kruglyak et al. 1996 ; also see the Whitehead Institute for Biomedical Research/MIT Center for Genome Research "/pub/software/genehunter" web site) package, and all chromosomes showing an excessive number of recombination events were reex- amined at the genotype level. Corrected data were then run through SIBMED (sibpair mutation and error detection) (Douglas et al. 2000 ; also see the Center for Statistical Genetics, University of Michigan web site), to identify possible genotyping errors or mutations. SIB-MED uses a hidden Markov model to calculate posterior error probabilities for each sib-pair/marker combination, given all the available marker data, an assumed genotype-error rate (set at 1%), and a known genetic map. All genotypes highlighted by SIBMED were excluded from subsequent analyses. Sex-averaged marker maps were from the Cooperative Human Linkage Center (see the CHLC Genetics Maps web site) and were supplemented with data from Gé-néthon (Dib et al. 1996) .
Information-content maps were produced for each chromosome, in a MAPMAKER/SIBS (version 2.0) (Kruglyak and Lander 1995; also see the Whitehead Institute for Biomedical Research/MIT Center for Genome Research "/distribution/software/sibs" web site) package and were used to determine the markers used in a second round of genotyping, involving 100 microsatellites taken from the Généthon map (Dib et al. 1996) and from the ABI PRISM LMS2-HD5 panels (Applied Biosystems). This additional wave of markers allowed the elimination of gaps in both marker density and information. Final marker density was estimated as being !8 cM, for all chromosomes.
Linkage Analysis
The Haseman-Elston (HE) method (Haseman and Elston 1972) and the VC method (Amos 1994; Pratt et al. 2000) were used within a GENEHUNTER 2.0 (Kruglyak et al. 1996 ; also see the Whitehead Institute for Biomedical Research/MIT Center for Genome Research "/pub/software/genehunter" web site) package, to calculate-by means of the ELStrans, RLStrans, and NWRtrans scores, as quantitative measures of language ability-both single-point and multipoint LOD scores for all autosomes. Additional multipoint HE and VC analyses were subsequently performed, with the WISC-III (Wechsler 1992 ) measure of PIQ, for all areas that showed suggestive linkage to a language trait. GENEHUNTER 2.0 implements a traditional HE regression of squared phenotype differences (D 2 ) on estimated identity-by-descent (IBD) sharing (v i ), for each sib pair, at a given genetic locus. At a QTL, the variance of D 2 ( ) is expected to be negatively correlated with the 2 j i proportion of markers shared IBD (Haseman and Elston 1972) .
For families with more than two children, all possible sib pairings were included in the HE analysis. No weighting of multiple sib pairs was used. Although this unweighted approach has been suggested to lead to false inflation of significance, as a result of dependence between pairs (Hodge 1984) , simulations described below indicate that this is not the case in our data set ( fig. 1A) .
The VC method derives two maximum-likelihood models, both of which dissect the trait variability between siblings into major-gene ( ), polygenic ( ), and (Amos 1994) . Empirical estimates of the significance of all VC results were derived by means of simulations, as described below. VC analysis was performed with a single mean and no dominance variance. No adjustment was made for multiple phenotypes. Regions of linkage were identified as those which, under all four types of analysis performed, exceeded thresholds for "suggestive" linkage that have been proposed by Lander and Kruglyak (1995) .
X Chromosome
In the absence of a multipoint sex-linked VC method, linkage to the X chromosome was assessed by HE analysis only. Linkage analyses were performed within a MAP-MAKER/SIBS (version 2.0) ; also see the Whitehead Institute for Biomedical Research/ MIT Center for Genome Research "/distribution/software/sibs" web site) package, under an HE algorithm comparable to that used by GENEHUNTER 2.0, described above. In X-linked analysis, MAPMAKER/SIBS uses only male-male pairs.
Simulations
Deviations from assumptions made by both of the linkage methods described above (i.e., VC and HE) can LOD-score-significance distributions for each measure used in the genome screen. The thicker black lines show the theoretical probability for any given LOD score, under the appropriate analyses; the colored lines show the phenotype-specific empirical probabilities for any given LOD score. Because of sample-specific deviations from assumptions critical to different analyses (see the "Subjects and Methods" section), empirical P values may differ from theoretical P values. Comparisons between empirical and theoretical probability distributions thus allow the quantification of these deviations for each phenotype. A, Relationship between HE LOD scores and pointwise significance of linkage in the total genome-screen sample. Simulations demonstrate that the unweighted HE approach does not lead to increased type I errors in our data set (i.e., the empirical distributions coincide with the theoretical distribution). B, Relationship between VC LOD scores and pointwise significance of linkage in the total genome-screen sample. Under VC analysis, ELStrans and RLStrans behave as predicted by theory, whereas the theoretical P values for NWRtrans are overly conservative. lead to unpredictable variations in the relationship between nominal P values and LOD scores, resulting in both type I and type II errors. The VC method supposes the multivariate normality of data, and the unweighted HE method assumes statistical independence of all sib pairings in families with multiple sibships. We adjusted for any divergence from these assumptions, by performing simulations for each phenotype. This allowed an estimation of the empirical pointwise significance of LOD scores.
Pedigree structure and phenotype data were maintained for each family in the genome screen, and SIMULATE (J. Terwilliger, personal communication; also see the Rockefeller University "/software/simulate" web site) was used to generate random genotypes for a single marker with four equally frequent alleles (75% heterozygosity) within this framework. A total of 100,000 replications were run, and linkage was assessed for each, by both the VC approach and the unweighted HE approach.
As demonstrated by Fisher et al. (2002) , the resulting LOD-score-significance distributions ( fig. 1) can be taken to approximate that found at each point of a typical multipoint situation (where ∼70%-80% of IBD information is extracted) and are therefore generally applicable for estimation of the pointwise significance of linkage peaks. Note that these empirical P values, although adjusted to account for measure-specific deviations from normality, still yield only pointwise estimates of significance; they are not adjusted to account for genomewide scanning.
Results
We found that, under our ascertainment criteria (i.e., a single language score 11.5 SD below that expected for age), 34.4% of siblings of probands could be classified as affected. If we assume a population prevalence of 4%, this gives a sibling risk ratio of 8.6 in the families that we studied.
Genomewide QTL analysis highlighted two prominent areas of linkage-one on chromosome 16 and one on chromosome 19 (figs. 2 and 3). Although several other regions were found to have LOD scores 11.0 (table 5) , only the loci on chromosomes 16 and 19 exceeded the threshold (i.e., LOD score у2.2) that Lander and Kruglyak (1995) have proposed as being indicative of "suggestive" of linkage. Furthermore, they did so under all four types of analysis performed (i.e., multipoint HE and VC and single-point HE and VC) (table 5).
The locus on chromosome 16 was linked to the NWRtrans-measured trait and spans ∼40 cM of 16q, from D16S515 to D16S520. Although the maximum LOD score (MLS) that HE yielded for this region reached 3.55, the VC analysis yielded a somewhat lower MLS, 2.57. However, empirical-probability distributions drawn from simulated data indicated a general deflation of VC LOD scores for the NWRtrans-measured trait (fig. 1B) . In 100,000 simulations, a VC LOD score 12.57 was seen only eight times (i.e., pointwise empirical ) and thus is consistent with the P p .00008 HE result (empirical ) and verges on the P p .00003 threshold (i.e., ) that Lander and Krug-P p .00002 lyak (1995) have proposed as being indicative of "significant" linkage. Furthermore, chromosome 16 yielded the most significant single-point result for the genome (D16S516; LOD score 2.77), and singlepoint LOD scores 11.5 were seen for a cluster of three markers directly under the peak of linkage: markers Suggestive linkage to chromosomes 16 and 19. The X-axis shows positions of the markers typed; a 10-cM (Haldane) bar is given for reference. A, Linkage to chromosome 16, under both the HE method and the VC method, for NWRtrans. For ELStrans and RLStrans, the LOD scores remained !0.42 and !0.27, respectively, for the entire chromosome (data not shown). A 1-LOD interval is shown for both the HE peak and the VC peak, by the dark-green and light-green bars, respectively. Light-green lines show the LOD-score thresholds for empirical P values of .001 and .0001 for NWRtrans under VC analysis; dark-green lines show the same LOD-score thresholds under HE analysis. B, Linkage to chromosome 19, under both the HE method and the VC method, for ELStrans. For RLStrans and the NWRtrans, the highest LOD scores were 0.33 and 0.20, respectively, for the entire chromosome (data not shown). A 1-LOD interval is shown for both the HE peak and the VC peak, by the dark-blue and light-blue bars, respectively. Light-blue lines show the LOD-score thresholds for empirical P values of .001 and .0001 for ELStrans under VC analysis; dark-blue lines show the same LOD-score thresholds under HE analysis. Kruglyak and Lander's (1995) guidelines, suggestive linkage corresponds to a pointwise significance of .0007, and significant linkage corresponds to a pointwise significance of .00002. Regions of "linkage" were identified as those which, under all types of analysis performed, exceeded thresholds for suggestive linkage ; values considered to be suggestive are underlined.
b Calculated by simulations, as described in the "Subjects and Methods" section. c Values are for the marker with the highest single-point (by either HE or VC) LOD score in the area of linkage and are provided as a guide to the level of single-point support given to the multipoint results.
d Phenotype for which the highest LOD score is seen; other traits may also show linkage to the same region, although at lower levels. D16S516 (2.77), D16S3040 (2.24), and D16S3091 (1.95) (table 5).
The locus on chromosome 19 was linked to the ELStrans-measured trait and covers ∼30 cM of 19q, from D19S220 to D19S418 ( fig. 3 ). This QTL was evident under both the HE and the VC multipoint analyses (HE LOD score 3.55; VC LOD score 2.84) and was supported by single-point analysis, in which two adjacent markers showed linkage to the ELStrans-measured trait, with LOD scores 11.5 (D19S908 [LOD score 2.49]) and D19S902 [LOD score 1.74]) (table 5). Simulations indicated that the ELStrans measure behaves as predicted by theory and, therefore, that empirical P values can be taken as being representative of nominal P values for linkages to the ELStrans-measured trait and, therefore, to the locus on chromosome 19 ( fig. 1) .
In both the chromosome 16 region of linkage and the chromosome 19 region of linkage, the LOD score for PIQ was never 10.15 (data not shown), indicating that both of these loci are likely to reflect language-specific influences, as opposed to general-intelligence effects.
To clarify the contribution that each group made to the two linkage peaks, we divided the genome-screen sample into its constituent Guy's Hospital and Cambridge samples and reanalyzed chromosomes 16 and 19. Figure 4 shows that the Guy's Hospital sample and the Cambridge sample contribute equally to both peaks of linkage.
Interestingly, we found no evidence for linkage to chromosome 7q, the location of both SPCH1 (the family-KE linkage) (MIM 602081) and AUTS1 (the autism chromosome 7 linkage) (MIM 209850). At D7S486, the peak (LOD score 6.22) of linkage in family KE, our single-point LOD score remained !0.001, for all three phenotypes.
Our sample contained a male:female ratio of ∼3:2, which is consistent with the male predominance reported in previous studies (Stevenson and Richman 1976) . However, we found no strong evidence for a major sex-specific locus in the HE analysis of the X chromosome. Although, for ELStrans, a LOD score of 1.30 was found on Xp, LOD scores for all other measures remained !0.5, across the entire X chromosome.
Discussion
We have reported here the first molecular genetic study of typical SLI. We implicate two novel loci, on chromosomes 16 and 19, that are found to influence language-related traits. Evidence for these QTLs has been drawn from four complementary analyses (i.e., multipoint HE and VC and single-point HE and VC), and
Figure 4
Linkage to chromosomes 16 and 19, based on the Guy's Hospital sample and the Cambridge sample. The format of the graph is as in figure 3 . A, Linkage to chromosome 16, in the combined genome-screen sample, the Guy's Hospital sample, and the Cambridge sample, for NWRtrans. Traces are shown for HE analysis only. B, Linkage to chromosome 19, in the total genome-screen sample, the Guy's Hospital sample, and the Cambridge sample, for ELStrans. Linkage is independently demonstrated both in the Guy's Hospital sample and in the Cambridge sample. Traces are shown for HE analysis only. both loci have shown to be relevant in the Guy's Hospital sample and the Cambridge sample.
One important feature of this study is the use of quantitative measures of generalized language abilities. The lack of consensus as to the etiological basis of SLI often makes the derivation of a consistent qualitative affection status unfeasible. The use of quantitative traits circumvents this issue and, in complex cognitive disorders, has been demonstrated to provide a suitable means of investigation of underlying genetic effects (Cardon et al. 1994; Fisher et al. 1999; Gayá n et al. 1999) . A quantitative-trait approach does, however, create its own issues, perhaps the most pertinent of which is the selection of phenotypes for the appraisal of disorder severity. In the diagnosis of SLI, both ICD-10 and DSM-IV guidelines require a substantial discrepancy between PIQ and verbal abilities. Although the enforcement of discrepancy scores acts to aid the elimination of general IQ effects, these scores are generally felt to result in an overly restrictive phenotype, which is susceptible to compound errors. Also relevant to the current study is the finding that discrepancy scores show only a minimal level of heritability and, hence, may not reflect the underlying genetic influences involved in SLI (Bishop et al. 1995) . For the genome screen, we therefore chose to employ broad phenotype batteries, alongside a single specific measurement of phonological short-term memory. All three traits have been demonstrated to be significantly heritable and good predictors of language abilities (Semel et al. 1992; Bishop et al. 1995 Bishop et al. , 1999 .
The importance of phenotype selection has been confirmed by the results of the genome screen in the current study. Intriguingly, only minimal linkage is seen to measures of receptive language abilities-the strongest RLStrans result was seen for chromosome 2q and peaked at 1.52-a result consistent with the previously reported lack of probandwise concordance between twins with only receptive language impairments (Bishop et al. 1995) . In contrast, measurements of expressive language skills and phonological short-term memory, both of which have been demonstrated to be subject to strong genetic influence (Bishop et al. 1995 (Bishop et al. , 1999 , yielded the two most significant linkage results in the genome screen. These two loci provide the only areas of suggestive linkage in the entire genome. The background level was generally low, with few regions yielding LOD scores 11.5 (table 5) .
Furthermore, although all three phenotypes were found to be moderately correlated in our sample (table 4), at both peaks of linkage a discordance between all traits was apparent. Linkages to chromosomes 16 and 19 were seen to be specific to NWRtrans and ELStrans, respectively, with no corresponding peaks seen for the other measures (see fig. 3 ). However, studies of dyslexia (Grigorenko et al. 1997; Fisher et al. 1999) indicate that the dissection of a complex trait in such a simple manner is not always appropriate and that inferences relating specific loci to distinct components of language impairment should be viewed with caution (Fisher et al. 1999) .
In genome screens for complex traits, it is not uncommon to see a shift between the original peak and replication peaks or to find linkage to phenotypes other than that originally reported (Cardon et al. 1994; Grigorenko et al. 1997 ; International Molecular Genetic Study of Autism Consortium 1998; Fagerheim et al. 1999; Fisher et al. 1999; Gayá n et al. 1999; Phillipe et al. 1999; Risch et al. 1999) . Thus, the independent reproduction of the loci on chromosomes 16 and 19, in both the Guy's Hospital sample and the Cambridge sample, was particularly striking. The observation of linkage-in exactly the same region and to the same phenotypes-across two separate groups with such different origins provides further endorsement for the QTLs reported here.
The only previously reported linkage to SLI is that of the SPCH1 region on chromosome 7q in family KE (Fisher et al. 1998 ). Our genome screen shows no evidence for linkage to this area, indicating that it is unlikely to play a significant role in cases of typical SLI. However, given the heterogeneity of the disorder, it remains possible that a subset of individuals in the current study may harbor mutations in FOXP2, and it should be stressed that mutation analysis of the gene will be necessary to assess the full impact of this locus in our subjects with SLI.
The overlap between the SPCH1 and AUTS1 chromosome 7 linkages (International Molecular Genetic Study of Autism Consortium 1998; Lai et al. 2000) has fueled much debate with regard to the relationship between the genetic and phenotypic overlap of SLI and autism (Folstein and Mankoski 2000; Vincent et al. 2000; Warburton et al. 2000) . Although some autistic children may develop language that is normal in terms of vocabulary, grammar, and phonology, they invariably encounter difficulties with the use of language in a social context (i.e., pragmatic language). It is estimated that one-third of autistic children never develop speech at all (Rapin 1997) . In addition, the prevalence of autism in the siblings of children affected by SLI has often been reported to be increased compared with that in the general population (3%:0.1%) (Hafeman and Tomblin 1999) . A recent genome screen for loci involved in autism has implicated a 19q region that is coincident with the chromosome 19 peak reported here (Lui et al. 2001 ). However, the autistic sample that showed the greatest evidence of linkage to this 19q locus (MLS 1.70) was from the narrow diagnostic group (i.e., that excluding children who may overlap into the SLI spectrum). We found no additional evidence for linkage to any other major loci (i.e., on chromosomes 2, 7, and 15) that previous studies had found to be associated with autism (reviewed by Lamb et al. 2000) .
Another disorder that shows significant comorbidity with SLI is dyslexia (Bishop and Adams 1990; Catts 1993) . The strong links between both dyslexia and SLI and phonological impairments have often led to the speculation that language impairments and reading disabilities may represent different manifestations of similar neurological deficits . Relatives of probands affected by dyslexia experience an increased risk of language impairment (Gallagher et al. 2000) , whereas studies of children selected for language impairments often report a high incidence of literacy problems (Tallal et al. 1989 ). However, the exact relationship between the two disorders remains undetermined. We found no evidence for linkage to regions of chromosomes 2, 6, 15, or 18, the regions that previously implicated by genetic mapping studies of dyslexia (Cardon et al. 1994; Grigorenko et al. 1997; Fisher et al. 1999 Fisher et al. , 2002 Gayá n et al. 1999) . Further independent studies involving large sample sizes will be necessary to elucidate any common genetic mechanisms underlying the phenotypic overlaps between both autism and dyslexia and SLI.
QTL genome screens such as the one that has been reported here are crucial to the study of disorders such as SLI, since they neither make no prior assumptions about the basis of the disease nor target specific chromosomal regions for analysis. The current study has provided an overview of the whole genome with respect to language-related phenotypes and has highlighted two loci that appear to have a significant genetic effect on the development of SLI. This work represents the first major step in the clarification of the genetic mechanisms behind SLI, which may lead to a better understanding of the processes involved in language acquisition while also facilitating better diagnosis and treatment of individuals with language impairments.
